Abstract DNA damage by chromate in chick embryo hepatocytes has been correlated with the effect of chromate on inducible cell functions. Treatment of chick embryo hepatocytes with chromium(VI) in the form of sodium chromate resulted in the rapid uptake of chromate and the induction of DNA lesions in a time-and concentration-dependent manner. DNA interstrand cross-links, strand breaks and DNA-protein crosslinks, as measured by the alkaline elution technique, were observed after treatment of the hepatocytes with chromate concentrations (2.5-10 fiM) which did not affect cell viability. The effect of chromate on inducible cell functions was measured by assaying propylisopropylacetamide-induced accumulation of porphyrin and glucuronidation of phenol red by intact cells. Chromate inhibited propylisopropylacetamide-induction of porphyrin accumulation and phenol red glucuronidation in a time-and concentration-dependent manner which paralleled DNA damage. DNA damage was removed and inducibility of porphyrin accumulation by propylisopropylacetamide plus deferoxamine methanesulfonate was restored 21 h following a 2 h pretreatment with chromate. Chromium(III) in the form of chromic nitrate at concentrations up to 25 times those used with chromate had no effect on DNA damage or the induction of porphyrin accumulation and phenol red glucuronidation by propylisopropylacetamide in the cultured chick hepatocytes.
Introduction
Chromium(VI) has been identified as a human carcinogen from epidemiological studies (1) . Chromium(VI) compounds have been shown to be tumorigenic in animals and mutagenic in various bacterial and mammalian cell systems (2) . However, carcinogenic and mutagenic effects have not been demonstrated with chromium(lll). An 'uptake-reduction' model has been proposed to explain the genotoxicity of chromium(VI) (3) . Chromate, the form of chromium(VI) at
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physiological pH, readily enters cells, whereas the cell membrane is relatively impermeable to chromium(lll) complexes. Once inside the cell, chromium(VI) is reduced ultimately to chromium(IH) by cellular components such as the microsomal electron-transport cytochrome P-450 system (4). Chromium(III) which is produced upon reduction of chromium(VI) is the form ultimately bound to cellular constituents including DNA and protein (3) .
The relationship between damage to DNA caused by chromium(VI) compounds in cells and the effect of chromium(VI) on inducible cell functions has not been previously examined. In human skin fibroblasts chromium(VI) produced DNA single-strand breaks which were detectable by alkaline sucrose gradients at toxic concentrations (0.5-5 mM) only (5) . Other studies (6) (7) (8) with cultured cells have not determined the toxicity of chromium(VI) or the effect of chromium on inducible cell functions under the conditions where DNA damage was observed.
Since metabolism of chromium(VI) is important to its reaction with DNA, we have used the highly metabolically active chicken embryo hepatocytes to study chromate-induced DNA damage. Using the alkaline elution technique (9) , DNA interstrand cross-links, DNA-protein cross-links and DNA strand breaks were observed in chick embryo hepatocytes treated with concentrations (2.5 -10 /tM) of chromate which did not affect the viability of the cells. This is the first demonstration of chromate-induced interstrand cross-links in cultured cells, although this type of DNA lesion has been observed in vivo (10, 11) . The effect of chromate on inducible cell functions in the hepatocytes at these concentrations was determined by observing the effect of chromate treatment on the subsequent induction of phenol red glucuronidation and of accumulation of porphyrin caused by propylisopropylacetamide (PIA)* (12, 13) . These tests are much more sensitive to the effects of chromate on cell functions than are the normal cell viability tests (vide infra). The observed inhibition of induced cellular functions by chromate was found to correlate with the chromate-induced DNA damage.
3.5 cm diameter polystyrene tissue culture dishes and incubated in a 5% CO 2 atmosphere at 37°C. For phenol red glucuronidation experiments 5-6 x 10' cells were seeded into 6.0 cm plates. Twenty hours later, the medium was changed to WE containing DEX and T3 but no insulin (WEH). Twenty-four hours later, the medium was changed and 2 ml of fresh WEH at 37°C was added to the cells. Various concentrations of aqueous sodium chromate solutions were added directly to the WEH ~ 2 h after this last medium change and the hepatocytes were incubated for various lengths of time in the presence of chromate. For DNA damage studies using the alkaline elution technique, the medium was then poured off, and the cells were washed twice with 1 ml of 37°C PBS-buffer. Two ml of cold-PBS buffer were then layered onto the cells. From this point on the cells were rigorously maintained al 4°C. Care was taken to avoid exposure to fluorescent light after the initial plating of the cells. For the drug-mediated induction studies, the medium containing chromate was poured off, and fresh WEH was added followed by the appropriate inducing drugs (see conditions below). For studies of both the repair of chromate-induced DNA damage and the restoration of drug-mediated induction, chromate was poured off and the cells were further incubated at 37°C in fresh WEH for 21 h after which they were assayed for DNA damage or treated with inducing drugs (see conditions below).
Alkaline elution
Alkaline elution was performed as previously described (5,10) with the following modifications. Hepatocytes were removed from the culture plates (3.5 cm diameter) by incubating with 0.25% trypsin at 4°C for various lengths of time. To avoid overtrypsinization of the cells, a test plate was run in which exposure time to trypsin was determined for each experiment. Trypsinization was found to give the best results in terms of minimizing damage to cells compared with other methods for removing cells from plates. (Initial attempts at scraping the cells off the plates gave inconsistent results.) After pouring off the trypsin, the cells from each plate ( -1.5 x 10 s ) were washed onto 2 /an polyvinylchJoride filters with ice-cold PBS. After the PBS had drained, the cells were immediately lysed with 3 ml of 2% LDS lysing solution. The elution was carried out as described previously (10) with the exception that cells which were irradiated received 660 Rads of X-ray. Calculations for DNA lesion frequency were based on equations derived by Kohn (9) which use values of DNA eluted for control cells and chromium-treated cells (± x-irradiation) for each condition tested. Since strand breaks were observed upon treatment with chromate, the break frequency was used to correct the value of the irradiated control (see R^ curves in Figure 2 ).
Fluorometric assay for DNA
The amount of DNA eluted and the amount remaining on the filter was determined using the microfluorometric assay reported previously (10,15) with the following modifications. Filters were removed from the elution columns, placed into test tubes, and air dried. To each fraction, a 400 jJ aliquot of a 2 mg/ml solution of BSA was added, followed by an appropriate volume of ice-cold 50% trichloroacetic acid (TCA) solution to give a final TCA concentration of 5%. Samples were mixed vigorously and stored at 4°C for 3 h before proceeding with the assay. Recoveries of DNA were >90%.
Assays for glucuronidation of phenol red and total porphyrin
Inducing drugs were added after the removal of chromate and the addition of fresh WEH. For studies of induction of glucuronidation of phenol red, PIA (20 /ig/ml) was added and the cells (6.0 cm diameter plates) were incubated for 24 h. Conjugation of phenol red was measured as a decrease of absorbance at 560 nm after a 1:3 dilution of medium in 0.1% SDS in 0.1 N NaOH (14) . For studies of the induction of porphyrin accumulation, PIA (20 /ig/ml) and DES (20 ^g/ml) were added and the cells (3.5 cm diameter plate) were incubated for 6 h. Total porphyrin was measured spectrofluorometrically and calculated according to the equations of Grandchamp et al.
(16).

Uptake studies
The uptake of chromate from the media by the cells was measured as the decrease in the absorbance at 372 nm which is due to chromate. The extrinction coefficient e 372 = 4.70 x 10 3 M" 1 cm" 1 , was determined experimentally for chromate in WEH media. The control consisted of media which had not been exposed to cells. An additional control was run using WEH which had been exposed to cells for 2 h, then poured off and incubated with 10 pM chromate for 2 h at 37°C. The u.v.-visible absorption spectrum of the chromate in WEH medium was obtained using a Perkin-Elmer Coleman 651 spectrophotometer with the chromate plus WEH medium in the sample compartment and WEH medium in the reference compartment.
Assay for release oftactate dehydrogenase
As a measure of cell viability, release of LDH was measured using the assay of Wroblewski and Ladue (17), as specified by Sinclair et al. (14) , in which oxidation of NADH is followed during the reduction of pyruvate. 
Results
Uptake of chromate
The uptake of chromate by the chick embryo hepatocytes was monitored by the loss of chromate from the media. The absorption spectrum of the chromium(VI) in media showed an absorbance maximum at 372 nm indicating that the species in solution was chromate. The media alone did not have an absorption maximum in the region of chromate absorbance. Figure 1 shows that the amount of chromate in the media decreases dramatically with time in the presence of cells. The time course for the percentage decrease of chromate concentration in the media was similar for the different initial concentrations (5 -10/Jvl). The uptake of chromate was very rapid since approximately one quarter of the initial chromate concentration was lost from the media within 30 min. At the end of 2 h only 22 -39% of the initial concentration of chromate remained. Incubating chromate with fresh media or with media that had been exposed to cells for 2 h had no effect on the chromate concentration. These results indicate that chromate is rapidly taken-up by the hepatocytes. Chromate-induced DNA damage Significant DNA damage was first observed 15 min after initiating exposure of the cells to chromate (data not shown). Figure 2 shows typical elution curves obtained with hepatocytes treated with chromate. Upon treatment of hepatocytes with chromate both strand breaks (faster elution compared with control in unirradiated samples) and cross-linking (slower elution compared with control in irradiated samples) were observed. Since chromate caused DNA strand breaks under conditions where it also caused DNA cross-links, the equations of Kohn et al. (9) were used to calculate the crosslink frequency. Treatment of the hepatocytes with chromate resulted in DNA cross-links which generally increased with chromate concentration and with time of exposure (Table I and Figure 3 ). Following a 2 h treatment with chromate, incubation of cells for 21 h in the absence of chromate resulted in a dramatic decrease in the amount of cross-links (Table I and Figure 3) . A low but significant amount of cross-linking persisted even though strand breaks were almost completely removed (see below) during this period. No DNA cross-links were observed after treatment of the hepatocytes with chromium(III) in the form of chromic nitrate for 1 h at concentrations up to 25 times (250 /Jvl) those used with chromate (Table I) .
The nature of the DNA cross-links was examined by determining the sensitivity of the lesions to proteinase K digestion (9) . DNA-protein cross-links are removed by this treatment, whereas interstrand cross-links are unaffected (9) . After treatment of lysates with proteinase K significant DNA interstrand cross-linking was observed (Table I and Figure 3 ) in cells treated with 2.5 -10 ^M chromate. An increase in interstrand cross-linking was observed between 30 min and 2 h exposure ( Table I ). The amount of DNA interstrand cross-linking increased with increasing concentration of chromate (Figure 3) .
In addition to DNA cross-links, DNA strand breaks were induced by treatment of hepatocytes with chromate (Table I) . Strand breaks analyzed by proteinase K treatment increased dramatically with chromate concentration but increased only slightly with time of exposure at all concentrations tested (Table 1 and Figure 4) . In contrast to the slight increase in MJ.Tsapakos el at. strand breaks observed between 30 min and 2 h exposure to chromate using proteinase K digestion, the amount of DNA strand breaks detected in the absence of proteinase K treatment decreased from the 30 min to the 2 h exposure time (Table I ). The amount of strand breaks affected by proteinase treatment increased from <25% at 5 -10 /Jvl concentrations of chromate after 30 min exposure (Table I) to >60% of the strand breaks after a 2 h exposure (Table I and Figure 4 ). Incubation of the hepatocytes in the absence of chromate for a further 21 h following a 2 h exposure to chromate resulted in removal of strand breaks (Table I and Figure 4) . No difference between strand breaks assayed in the presence and absence of proteinase K remained under these conditions (Table I and Figure 4) . No DNA strand breaks were observed after treatment of the cells for 1 h with chromium(III) nitrate at concentrations up to 25 times those used with chromate (Table I) .
Chromate inhibition of PIA-inducedphenol red glucuronidation and porphyrin accumulation
P1A is the most effective phenobarbital-like inducer of cytochrome P-450, porphyrin accumulation and phenol red glucuronidation in cultured chick embryo hepatocytes (12, 18, 19) . The accumulation of porphyrin is due to increased induction of 5-aminolevulinate (ALA) synthase (13) . Glucuronidation of phenol red, the pH indicator in the medium, is an indication of the increase in UDP-glucuronyltransferase activity (12, 18, 19) . The effect of pre-incubating hepatocytes with chromate on the subsequent induction of porphyrin accumulation and phenol red glucuronidation by P1A was used as a criterion for the effect of chromate on inducible cell functions. These assays are particularly useful since the induction of these activities appears to involve both transcription (20) and translation (20, 21) .
The induction of phenol red glucuronidation by P1A was inhibited by pretreating the cells with chromate ( Figure  5A inhibition of PIA-induced glucuronidation (53% versus 40%) at 10 /Jvl chromate, but was ineffective (2.4% versus 3.3%) at 25 /Jvl ( Figure 5B ). Chromate, in a time-and concentration-dependent manner, inhibited the induction of total porphyrin accumulation caused by treating cells with both PIA and DES ( Figure 6 ). DES, by chelating iron, inhibits formation of heme, the feedback regulator of ALA synthase (13) . DES was used in these studies to increase porphyrin accumulation and thereby, make the porphyrin assay more sensitive. Pretreatment of cells for 2 h with concentrations of chromate ranging from 2.5 to 10 fiM resulted in decreasing levels of porphyrin accumulation ( Figure 6 ). Incubation of the hepatocytes for 21 h in fresh media following a 2 h treatment with 5, 7.5 or 10 /Jvl chromate completely restored the ability of cells to be inducible for porphyrin accumulation ( Figure 6 ). Little or no decrease in PIA-induced porphyrin accumulation was seen after incubation of the cells for one hour with chromium(lll) at doses ranging from 5 to 250 /Jvl (data not shown).
As an indication of cell viability (14) release of lactate dehydrogenase (LDH) from hepatocytes was measured. No increase in LDH release was observed from hepatocytes treated with concentrations up to 10 /Jvl chromate for 2 or 18 h (data not shown). Furthermore, as in the experiment presented in Figure 6 , there was no increase in LDH release after a 2 h exposure to chromate followed by a medium change then 6 h exposure to PIA and DES (data not shown).
Observation of cells by phase contrast microscopy confirmed the results obtained with LDH. No changes were visible in cells which were treated with chromate at concentrations up to 10 /Jvl for up to 18 h. In contrast, a 2 h exposure of the cells to 25 /Jvl chromate, a concentration which totally inhibited glucuronidation of phenol red (see Figure 5B) , caused a marked contraction of the colonies, still seen 24 h after removal of the chromate.
Discussion
Many studies indicate that chromate requires metabolism for activation. The microsomal electron-transport cytochrome P-450 system has been shown to possess chromatereductase activity in vitro (4) and may be important in producing DNA-damaging chromium species. Therefore, cultured chick embryo hepatocytes are a useful cell system for studies of the mechanism of chromium(VI) carcinogenicity since the cells do not replicate, are inducible for cytochrome P-450, and have metabolic activities similar to those of intact animals (12, 18, 19) .
The rapid disappearance of chromate from the culture media indicates that chromate was readily taken up by the hepatocytes. Facile cellular uptake of chromium(VI) has been observed in many different types of cells (22 -28) . Chromate uptake in human leukocytes was unidirectional since intracellular chromium was found to be non-exchangeable (28) . The unidirectional uptake of chromate has been ascribed to the intracellular reduction of chromate to chromium(III), a species which cannot readily cross cell membranes (3, 22, 24, 26, 28, 29) . Chromate induced DNA damage in the form of DNA strand breaks, DNA-protein cross-links and DNA-interstrand cross-links in the chick hepatocytes. Chromate induced the same types of DNA lesions in vivo in rat liver nuclei (10, 11) . DNA damage was observed at concentrations which did not affect the viability of the chick hepatocytes as measured by visible examination under phase contrast microscopy and LDH release. The amount of chromate-induced cross-linking appeared to saturate quickly with chromate concentration, possibly indicating that there are a limited number of sites in the nuclear DNA susceptible to attack by chromium. However, the amount of cross-linking, steadily increased with time, possibly indicating a slow formation of cross-links between DNA strands and protein and DNA due to their different reactivities with chromium. Chromium bound to one strand of DNA could slowly react with another DNA strand and/or nuclear proteins. Chromium bound to protein could also slowly react with DNA or repair proteins could become associated with the damaged DNA molecules. At these concentrations of chromate the hepatocytes remained fully viable and were capable of removing a majority of the DNA crosslinks during a 21 h post-treatment incubation period. However, a low level of DNA cross-links did persist after this period. Since the hepatocytes remain viable and have unchanged DNA levels under all conditions, these results indicate that the chick hepatocytes have a repair system which is capable of removing both DNA interstrand and DNA-protein cross-links.
Chromate also induced a large amount of DNA strand breakage in the hepatocytes. The amount of strand breaks assayed in the presence of proteinase K increased only slightly with time. However, the amount of strand breaks masked by some protein-associated phenomena increased from little or none at 30 min to about two thirds of the total at 2 h. This time-dependent association of protein with the strand breaks may be due to repair proteins combining with the DNA lesion. The increasing amount of DNA-protein cross-linking may also be responsible for the apparent increase in the amount of these strand breaks. The hepatocytes were capable of removing strand breaks since only a low level of strand breaks remained after a 21 h post-treatment period. Thus, the chick hepatocytes efficiently remove DNA strand breaks as well as DNA cross-links in a manner similar to that found in vivo in rat tissues (11) . In contrast to the chick hepatocytes, other types of cultured cells were unable to remove chromateinduced DNA-protein cross-links (6,7). The differences between our results with chick hepatocytes and the other cell systems may be due to difference in chromate metabolism, differences in repair systems for DNA lesions or possibly the impairment of the repair systems at the high, possibly toxic, concentrations of chromate used in those experiments. The susceptibility of the nuclear DNA to chromate damage and subsequent repair may differ widely in those cells (mainly fibroblasts) compared with our highly metabolically active chick hepatocytes. Certain studies with chromate in cultured cells have been carried out in the presence of serum (7, 22, 30) . However, we found that 1.5% FBS had little or no effect on chromate inhibition of PIA-induced phenol red glucuronidation in chick hepatocytes.
The persistence of DNA cross-links seen upon chromium(VI) treatment of various cells and whole animals suggests that these lesions may be related to the carcinogenicity of chromium(VI) compounds. The cytotoxicity of the antitumor agents, cis-dichlorodiammineplatinum(II) and chloroethylnitrosoureas, has been correlated with their ability to induce DNA interstrand cross-links in various cultured cell systems (31, 32) . Different repair mechanisms appear to be important in removing DNA cross-links induced by chromate (8), os-dichlorodiamrnineplatinum(II) (31) and chloroethylnitrosourea (32) . Rat liver and chick hepatocytes appear to have repair systems which efficiently remove chromateinduced DNA lesions and perhaps make liver less sensitive to the deleterious effects of chromate which have been observed in lung and kidney tissues (1, 33) . It is possible that other types of chromate-induced DNA lesions, e.g., intrastrand crosslinks or double strand breaks, which are not detectable by the alkaline elution technique, may be responsible for the toxicity of chromate. Additional studies are needed to determine the significance of these lesions in chromate-treated hepatocytes.
The DNA damage in chick hepatocytes correlated well with the effects of chromate on cell function as measured by the inhibition of PIA-induced phenol red glucuronidation and porphyrin accumulation. Chromate inhibited the induction of phenol red glucuronidation and porphyrin accumulation by PIA at concentrations and times where extensive DNA damage was observed, lnducibility of porphyrin accumulation by PIA plus DES was completely restored by allowing cells to recover from chromate treatment for 21 h before addition of the inducing agents. Similarly, DNA damage was almost completely repaired during this period since only a small amount of DNA cross-linking and strand breaks persisted.
It has been shown that PIA induces cytochrome P-450, phenol red glucuronidation and porphyrin accumulation in chick hepatocytes (12, 14, 18) . Cytochrome P-450 and phenol red glucuronidation were induced in a parallel manner in the chick hepatocytes and it was concluded that a common mechanism may be responsible (12) . The increase in glucuronidation of phenol red can be ascribed to an increase in UDP-glucuronyltransferase. In both rats (34, 35) and chicken embryos (39) , phenobarbital induced mRNAs for cytochrome P-450. In rats phenobarbital has also been shown to induce mRNAs for NADPH-cytochrome c oxidoreductase and epoxide hydratase (36,37) but not for cytochrome b 5 (37) . It is likely that the cytochrome P-450 and UDP-glucuronyltransferase genes are under the control of the same operon in chick hepatocytes and that PIA induction results in the synthesis of mRNAs for both enzymes. PIA also induces porphyrin accumulation which is a measure of the increase in ALA synthase (the rate determining enzyme in liver heme biosynthesis) in the chick hepatocytes (18, 38) . Protoporphyrin accumulates because of the very low activity of ferrochelatase in these cells (38) . Decrease in available iron, caused by DES treatment, further enhances porphyrin accumulation (13) . Induction of ALA synthase in chick embryo liver cells has also been shown to be dependent on the synthesis of mRNA (20) .
Since chromate damage to DNA is apparent under conditions where it inhibits PIA induction, it is possible that the chromium-induced DNA lesions adversely affect mRNA synthesis. The chromate could also affect mRNA processing and transport from the nucleus, as well as translation of the message. However, Bianchi et al. (30) found that chromium(VI) (19-190/tM) inhibited RNA synthesis to a much greater extent than protein synthesis in BHK cells. In BHK cell cultures, K 2 Cr 2 O 7 (10-100/Jvl) inhibited RNA synthesis up to 30% under conditions where no inhibition of protein synthesis was observed (22) . Additional studies are needed to determine the mechanism of action of chromate on PIA induction of phenol red glucuronidation and porphyrin accumulation in chick hepatocytes.
In conclusion, the chick embryo hepatocytes appear to be a good system for studying chromate-induced DNA damage and repair, and chromate-induced changes in cellular functions.
